Abstract: We analyze the prospects for resonant di-Higgs production searches at the LHC in the bbW + W − (W + → + ν , W − → −ν ) channel, as a probe of the nature of the electroweak phase transition in Higgs portal extensions of the Standard Model. In order to maximize the sensitivity in this final state, we develop a new algorithm for the reconstruction of the bbW + W − invariant mass in the presence of neutrinos from the W decays, building from a technique developed for the reconstruction of resonances decaying to τ + τ − pairs. We show that resonant di-Higgs production in the bbW + W − channel could be a competitive probe of the electroweak phase transition already with the datasets to be collected by the CMS and ATLAS experiments in Run-2 of the LHC. The increase in sensitivity with larger amounts of data accumulated during the High Luminosity LHC phase can be sufficient to enable a potential discovery of the resonant di-Higgs production in this channel.
m h ∼ 70 − 80 GeV, as confirmed by a variety of theoretical Monte Carlo simulations [7] [8] [9] [10] [11] , while for the observed m h ∼ 125 GeV EWSB occurred through a cross-over phase transition in the early Universe, which would not provide for the necessary out-of-equilibrium conditions.
In contrast, if the observed Higgs boson resides within an extended scalar sector, the nature and properties of the EWPT could differ significantly from those of the SM. In that case, the Universe could have undergone a strong first order EWPT even for a SMlike Higgs boson of mass m h ∼ 125 GeV. The additional scalar degrees of freedom can alter the finite temperature effective potential to make such a transition possible. The simplest realization of this possibility involves the extension of the SM Higgs sector by a single real scalar singlet S, the xSM [12] [13] [14] [15] [16] . While the xSM in and of itself is unlikely to be realized in Nature, it embodies the phase transition dynamics associated with more complete models that contain a gauge singlet, such as the next-to-minimal supersymmetric Standard Model (NMSSM) [17, 18] , without introducing the complications associated with the other degrees of freedom present in these models. As such, it provides a framework for exploring generic features of singlet-driven phase transitions and the corresponding lowenergy phenomenology. To enable a strong first order EWPT in the xSM, the coupling(s) between the new scalar S and the SM Higgs doublet need to be sizable (though still perturbative). In general, the xSM gives rise to two neutral scalars h 1,2 with masses m 1,2 that are mixtures of the singlet and neutral component of the doublet. The corresponding phenomenological consequences include reduced SM-like Higgs boson signal strengths [12, 13, 16] , deviations of the trilinear Higgs self-coupling from its SM value [16, 19] and resonant di-Higgs production [20, 21] .
In this work we focus on resonant di-Higgs production at the LHC: pp → h 2 → h 1 h 1 , where h 1 (h 2 ) denotes the SM-like (singlet-like) neutral scalars, for m 2 > 2 m 1 = 250 GeV. Within the SM, di-Higgs production is non-resonant, and search strategies have been proposed in bbγγ [22] [23] [24] [25] , bbW + W − [26, 27] , bbτ + τ − [26, 28] and bbbb [29] [30] [31] final states, all found to be very challenging due to the smallness of the non-resonant di-Higgs cross section [32] [33] [34] [35] [36] . Hence, ongoing di-Higgs searches by ATLAS and CMS are looking beyond the SM paradigm, also focusing on resonance-enhanced production mechanisms [37] [38] [39] [40] .
In this context, two key issues need to be addressed. First, it is important to assess the LHC reach into the viable parameter space for a strong first order EWPT. There have been initial studies in this context in the bbτ + τ − final state [21] , which found that discovery at the LHC may be possible with 100 fb −1 of integrated luminosity for relatively light h 2 masses, but a comprehensive analysis has not yet been achieved. Second, in order to achieve maximal LHC sensitivity to the xSM, it is crucial to determine the degree to which different di-Higgs final states provide complementary probes of h 2 in different regions of the possible m 2 mass range. Here we consider the prospects for LHC discovery/exclusion of resonant di-Higgs production in the bbW + W − channel, which has been initially studied in [41] for low m 2 masses (m 2 < 500 GeV). We cover the entire mass range 250 GeV < m 2 < 1 TeV, focusing on what is possible to achieve with LHC Run 2. We assess the LHC potential for probing the strong first order EWPT parameter space by defining a set of twelve benchmark xSM parameter choices (corresponding to twelve h 2 mass windows in the range m 2 ∈ [250, 850] GeV), each of them giving the maximum resonant di-Higgs production cross section [(σ h 2 × BR h 2 →h 1 h 1 ) max ] consistent with a strong first order EWPT within its mass window.
For the bbW + W − analysis, we use a Multi Variate Analysis (MVA) discriminator in order to efficiently discriminate the signal from tt production, the most important SM background (particularly as m 2 increases). Conventional experimental techniques do not allow full reconstruction of the resonance mass, which results in diminished discrimination against the leading background. To improve the sensitivity of the analysis, we have deployed a novel technique for the reconstruction of the invariant mass m 2 in the process h 2 → h 1 h 1 → bbW + W − in the presence of neutrinos from the W decays. The proposed method builds on the Missing Mass Calculator (MMC) technique developed for the reconstruction of resonances decaying to τ + τ − pairs [42] . The new technique provides an estimator for m 2 using a likelihood constructed over the solutions of the kinematically underconstrained system and, for brevity, is referred to as the Heavy Mass Estimator (HME) in the remainder of the paper.
We find that considering the ν ν ( , = e, µ) final state (and assuming an eventual combination between the CMS and ATLAS experiments) allows to probe into the strong first order EWPT parameter space, defined by [(σ h 2 × BR h 2 →h 1 h 1 ) max ], up to m 2 ∼ 700 GeV with 300 fb −1 of integrated luminosity, making this channel a promising avenue for analysis during LHC Run 2 and the high luminosity phase of the LHC (HL-LHC).
Our work is organized as follows: Section 2 gives an overview of the xSM, including a summary of current phenomenological constraints and the choice of first order EWPTviable benchmark points. In Section 3 we discuss the analysis of the bbW W channel in detail, including signal and background event generation, object reconstruction, and the algorithm for probabilistic reconstruction of the event kinematics. In Section 4 we apply this analysis to determine the LHC Run 2 and HL-LHC reach. Finally, in Section 5 we offer a summary and outlook.
The xSM

The Model
We consider the most general form for the xSM scalar potential that depends on a Higgs doublet, H, and real singlet, S (see e.g. [12] [13] [14] ):
The a 1 and a 2 parameters constitute the Higgs portal, providing the only connection between the SM and the singlet scalar S. We note that in the absence of a 1 and the scalar self-interaction b 3 , the potential (2.1) has a Z 2 symmetry that remains exact if the singlet field does not develop a vacuum expectation value (vev). We however retain both parameters in the current study, as they play a leading role in the EWPT as well as in di-Higgs production at colliders.
Boundedness of the scalar potential from below requires positivity of the quartic coefficients along all directions in field space. Along the h (s) direction, this leads to the bound λ > 0 (b 4 > 0), while along an arbitrary direction this implies a 2 > − √ λ b 4 . After EWSB, H → (v 0 +h)/ √ 2 with v 0 = 246 GeV, and we allow for a possible vev for S, i.e. S → x 0 +s, where x 0 is taken to be positive without any loss of generality (provided that a 1 and b 3 can take either sign).
The minimization conditions allow for two of the parameters in (2.1) to be expressed in terms of the vevs and other parameters. For convenience, we choose
For viable EWSB, two conditions must be satisfied: (v 0 , x 0 ) has to be a stable minimum, which requires
Furthermore, the electroweak minimum must be the absolute minimum, which we impose numerically. After EWSB, the Higgs portal parameters a 1 , a 2 and the singlet vev x 0 induce a mixing between the states h and s. The mass-squared matrix entries are
with the corresponding eigenvalues given by
with m 2 > m 1 by construction. The mass eigenstates are given by
where we identify the more SU (2) L -like state h 1 with the Higgs boson observed at the LHC [1, 2] by setting m 1 = 125 GeV, and where h 2 is a singlet-like mass eigenstate. The mixing angle θ is defined as
By virtue of (2.6), the couplings of h 1 and h 2 to SM vector bosons and fermions are universally rescaled w.r.t. the SM Higgs couplings,
with xx representing a SM final state different from xx = hh, and c θ , s θ ≡ cos θ, sin θ. In addition to these couplings, the tri-scalar interactions will play an important role in the following discussion of di-Higgs production. [39, 40] . In Fig. 1 we show the 95% C.L. limits from these searches in the (m 2 , c θ ) plane for increasing values of λ 211 /v 0 , using (2.13).
It is important to note that the limits shown in Fig. 1 are derived from present, publicly available (published) analyses, and better analysis techniques can make the h 2 → h 1 h 1 search channel more competitive relative to the h 2 → ZZ one, as compared to present bounds. We also stress that a discovery in any one channel would not allow by itself to individually measure c θ and λ 211 /v 0 . This highlights the need to explore various channels and final states, like bbW W , to correctly interpret a potential discovery of a new state h 2 . Figure 1 . Present 95% C.L. excluded regions from Public ATLAS and CMS pp → h 2 → ZZ (blue) [45] [46] [47] [48] and pp → h 2 → h 1 h 1 (red) [37] [38] [39] [40] [43] and the 95% C.L. lower limit on c θ (m 2 ) from EWPO (dashed-black line), both being independent of λ 211 /v 0 .
We now turn to the discussion of the constraints on m 2 and c θ from electroweak precision observables (EWPO). The effects of the xSM on EWPO may be accurately characterized by its modification of the oblique parameters S, T , and U w.r.t. the SM. From (2.6), the shift in an oblique parameter O can be written entirely in terms of the SM Higgs contribution to that parameter, O SM (m) (which can be found e.g. in [49, 50] ), where m is either m 1 or m 2 . These shifts then take the form
The best-fit values for the shifts ∆O 0 i and standard deviations σ i from the most recent post-Higgs-discovery electroweak fit to the SM by the Gfitter group [51] (for U = 0, which is a very accurate approximation in the xSM) are given by
being ρ ij the covariance matrix in the S − T plane. We then perform a ∆χ 2 fit to obtain the 95% C.L. allowed region in the (m 2 , c θ ) plane
where ∆O 0 i denote the central values in (2.16) and (σ 2 ) ij ≡ σ i ρ ij σ j , being σ i the S and T standard deviation from (2.16). The 95% C.L. exclusion limit from ∆χ 2 EW (m 2 , c θ ) = 5.99 is shown in Fig. 1 .
The Electroweak Phase Transition: Benchmarks for h
The character of the EWPT is understood in terms of the finite temperature effective potential, V T =0 eff (see [52] for a review). It is well-known that the standard derivation of V T =0 eff suffers from gauge dependence 1 [53] , and here we employ a high-temperature expansion to restore gauge-independence to our analysis (see [16] for details). Doing so requires considering the T = 0 Coleman-Weinberg 1-loop effective potential and retaining only the gauge-independent thermal mass corrections to V T =0 eff , which are essential for high-temperature electroweak symmetry restoration. This limit is particularly well-suited to the xSM, which generates the barrier between the broken and unbroken electroweak phases required for a first order EWPT at tree-level via the parameters a 1 and b 3 in (2.1).
In the high-temperature limit, we follow [12, 54] and write the T -dependent, gaugeindependent (indicated by the presence of a bar) vevs in a cylindrical coordinate representation asv
eff (φ, α, T ), while T c is defined as the temperature at which the broken and unbroken phases are degenerate:
A strong first order EWPT is defined by a sufficient quenching of the sphaleron transitions in the broken electroweak phase (see e.g. [3] for details). The energy of the electroweak Table 1 . Values of the various xSM independent and dependent parameters for each of the benchmark values chosen to maximize the σ h2 × BR h2→h1h1 value at the LHC.
sphaleron is proportional to the SU(2) L -breaking energy scale,v(T ), and as such the approximate criterion for a strong first order EWPT is then cos α(T c )φ(T c )/T c 1.
With these considerations in mind, we implement the xSM in the high-temperature limit in CosmoTransitions [55] to obtain numerically all above quantities characterizing the EWPT and calculate the finite temperature thermal tunneling rate into the electroweak phase; the latter must be sufficiently fast in order to preclude the possibility of the Universe becoming stuck in a false metastable phase. Taking a 1 , b 3 , x 0 , b 4 and λ as our independent parameters (the remaining two are fixed by the values of v 0 and m h ), we perform a MC scan of the xSM parameter space within the following ranges
where the lower bounds on the quartic couplings b 4 and λ ensure vacuum stability. With our choice of independent parameters, c θ , a 2 and m 2 are fixed by the parameters of the scan. We impose a naïve perturbativity bound on the Higgs portal coupling a 2 /2 5 [15] . We require compatibility with the various experimental constraints discussed in Section 2.2, and demand a strong first order EWPT as described above, together with a sufficient tunneling rate.
From the results of our scan, we define twelve consecutive h 2 mass windows, each 50 GeV wide (starting from the h 1 h 1 production threshold m 2 = 250 GeV), which together span the range m 2 ∈ [250, 850] GeV. The upper bound m 2 = 850 GeV is determined by the fact that the scan does not yield experimentally viable points compatible with a strong first order EWPT above m 2 ∼ 850 GeV even though it potentially accepts points up to m 2 = 1 TeV. Among all viable model points within each h 2 mass window we select the points which yield the maximum resonant di-Higgs production cross section [(σ h 2 × BR h 2 →h 1 h 1 ) max ] (depending essentially on the values of c θ and λ 211 , as discussed in Section 2.2) to define twelve xSM strong first order EWPT motivated benchmarks. This benchmark point set, which we refer to in the following as BM max , is presented in Table 1 . Searches for resonant di-Higgs production in the bbW + W − channel sensitive to this set of benchmarks will be capable of probing into the strong first order EWPT region. In the remainder of the paper we assess the LHC potential to probe such a strong first order EWPT via resonant di-Higgs production in the bbW + W − final state.
3 Resonant Di-Higgs Production: the bbW + W − Channel
As discussed above, in this work we explore the LHC sensitivity to resonant di-Higgs production in the bbW + W − (W + → + ν , W − → −ν ) final state. By exploiting the two largest branching ratios of the 125 GeV Higgs boson h 1 we can retain sensitivity to smaller production cross sections, i.e. larger m 2 , and develop dedicated reconstruction approaches to suppress SM backgrounds. We require both W bosons to decay leptonically (with = e, µ) to suppress the otherwise overwhelming background from QCD multi-jet production. The cancellation of momenta of two neutrinos in the h 1 → W W * → ν ν decay does not allow to reconstruct the invariant mass of the heavy resonance, which substantially diminishes the LHC sensitivity to resonant di-Higgs production. To improve the sensitivity of the search, we develop a novel technique, called Heavy Mass Estimator, designed to estimate the most likely invariant mass of the heavy h 2 state probabilistically. The technique is conceptually similar to the Missing Mass Calculator (MMC) algorithm, which has previously been applied successfully to the mass reconstruction of resonances decaying into τ + τ − pairs [42, 56] . Throughout the remainder of the paper, we assume an LHC center-of-mass-energy of 13 TeV and an integrated luminosity ranging between 300 fb −1 and 3000 fb −1 , expected to be collected between respectively the end of LHC Run 2 data-taking (foreseen in 2022) and the end of the High Luminosity phase of LHC (foreseen in 2035).
Monte Carlo Generation and Object Reconstruction
For each of the xSM benchmark points in Table 1 we generate our signal pp → h 1 h 1 → bbW + W − (W + → + ν , W − → −ν ) using Herwig++ [57] . The dominant SM background is top-pair (tt) production 2 , which has been simulated at next-to-leading order (NLO) accuracy with Powheg [58] and then subsequently processed with Herwig++ for parton showering and hadronization to evaluate experimental sensitivity. For simplicity, we restrict our signal and background Monte Carlo generation to = µ, but the subsequent sensitivity analysis takes into account the would-be contributions from final states with two electrons and one electron and one muon, for which we expect very similar efficiencies.
To evaluate the sensitivity achievable with the LHC data in this channel, we use the CMS detector and performance parameters as a benchmark. Assuming similar performance of the CMS and ATLAS detectors, in the combination we double the luminosity delivered per experiment. The simulation of the CMS detector response is performed using Delphes 3.3.0 [59] and the recommended by CMS input card [59, 60] , with all reconstructed physical objects, such as tracks, calorimeter deposits, isolated muons, electrons, jets, and missing transverse energy E / T , used in the data analysis. Multiple proton-proton collisions during the same bunch-crossing (pileup) can have a strong impact on hadronic observables, particularly during the high luminosity LHC runs, and we include in our reconstruction the effect of an average of 40 simultaneous proton-proton interactions. A particle-flow algorithm [59] has been successfully deployed in the CMS experiment and is implemented in Delphes parametrically using the information from the tracking system and the calorimeters. The particle-flow method is designed to reconstruct individual particles arising from collision by combining information from relevant subdetectors, to improve the quality of particle identification and the performance of global event reconstruction. Muons are reconstructed within the detector acceptance |η | < 2.4. Reconstruction and isolation selections follow the CMS definitions developed for particle flow muons [61] and use the medium working points for both. Jets are reconstructed using the anti-k t jet algorithm [62] with cone size R=0.4 by clustering the particle-flow tracks and particle-flow towers and we require |η j | < 4.0. The jet area method [59] in Delphes is applied in jet reconstruction to subtract the pileup contribution. The b-tagging efficiency and mis-identification rates are modelled using the Delphes parametrization of the CSV algorithm [63] . Tagging efficiencies and the mistag rates correspond to about 70% and 1.5% for the medium working point and 85% and 10% for the loose working point, respectively. The total transverse energy of a single event is calculated as the 2D-vector sum of the transverse momentum of all particles reconstructed by the CMS particle-flow algorithm. The missing transverse energy is defined as the opposite of the total transverse energy, and it quantifies the transverse energy carried away from neutrinos.
Invariant Mass Reconstruction for h 2 : Heavy Mass Estimator
The cancellation of momenta of the two or more undetected neutrinos in the final state does not allow the reconstruction of the invariant mass of the heavy scalar h 2 (and similarly for one of the 125 GeV scalars h 1 ) using experimentally measurable quantities. To improve the analysis sensitivity, the HME technique, a MMC-like probabilistic algorithm [42, 56] , can be efficiently implemented for the reconstruction of the mass of h 2 . To illustrate the implementation of the HME algorithm, we start with an idealized detector, in which properties of all visible particles are perfectly measured and the missing transverse energy is equal to the negative vector sum of all visible particles. The latter assumes that the missing transverse energy measurement is not affected by pileup.
We note that for the production process considered both 125 GeV h 1 states are onshell, whereas one of the two W bosons from the h 1 decay is typically off-shell (we use the label 1 for the on-shell W , W 1 → µ 1 ν µ 1 ). With these simplified assumptions, the kinematics of the majority of the signal events satisfies the following:
where m h 1 ≡ m 1 = 125 GeV, E / T x , E / T y are the x-and y-components of the missing transverse energy E / T vector, p represent the various momentum 4-vectors and p x , p y are their x-and y-components. The momentum carried by each neutrino is described by three unknown momentum projections, leading to a total of five equations, one bound and six unknowns.
[GeV] Left: Global likelihood function (solid blue) computed from HME for a single signal event using the xSM benchmark point 3 (B3). The true value of the mass m 2 is marked by the red grid bar. Right: HME distribution for B3 (red circle), B6 (blue square), B9 (magenta up triangle) and tt (green down triangle). All distributions are normalized to unity.
As seen from equations (3.1)-(3.5), four constraints reduce the number of unknowns to two, which we choose as the pseudo-rapidity η ν 1 and azimuthal angle φ ν 1 of one neutrino. Assigning random values to these two unknowns would then allow one to scan the parameter space of allowed solutions to build a procedure to integrate over the space of solutions consistent with the experimental measured quantities. We refer to a single generation of the two unknowns as iteration if it respects the bound for the invariant mass of the offshell W (else such single generation is discarded). Each iteration yields an estimator for the mass of h 2 :
Furthermore, as not all pairs of values of the unknowns η ν 1 and φ ν 1 are equally likely, generating pairs of these values according to a suitably defined probability density function would increase frequency of the estimated mass m 2 being close to the true value. Such probability density function (PDF) can be obtained from a Monte Carlo simulation. For each event, we generate thousands of iterations according to the PDF for η ν 1 and φ ν 1 , and for each iteration we store the calculated value of m 2 building a probability distribution function for m 2 , which we refer to as the HME global likelihood function. In the full implementation of the algorithm, the values of m h 1 and M W used in (3.3)-(3.5) are generated according to Gaussian functions to account for the width of Higgs and W bosons. The addition of these two variables effectively increases the dimensionality of the space in which the scan is performed to four. The introduction of additional probability density functions to account for realistic resolutions of experimental measurements further increases the dimensionality of the space scanned. One of the most essential additions accounts for the b-jet energy mismeasurements which leads to the invariant mass of the two b-jets being on average lower than m h 1 . We compute and apply an energy correction extracted from the simulation for the leading b-jet, and use equation (3.5) to correct the energy of the sub-leading b-jet. This procedure simultaneously improves the missing transverse energy estimation used in (3.1)-(3.2) , that is finally smeared according to the detector resolution predicted by Delphes. Fig. 2 (left) provides an illustration of a typical HME global likelihood for a single event, which peaks near the true value of the heavy scalar mass m 2 . In this analysis, we use the most probable mass from the likelihood as the estimator of the heavy Higgs mass m 2 . Note that selecting the peak position of a single event global likelihood as the estimator is the simplest solution, which one could likely improve upon by utilizing more information on the shape of the likelihood or even using the entire distribution in the analysis. Fig. 2 (right) shows the reconstructed m 2 mass for various xSM benchmark scenarios described in Table 1 .
Analysis Selection
The experimental signature consists of two energetic leptons, two energetic b-tagged jets and significant missing transverse energy due to neutrinos. As discussed above, the dominant SM background process is tt, with a very large production cross section (see e.g. [64] ). Other potential SM backgrounds are Drell-Yan, single-top, di-boson and ttV production [65] , as well as production of the SM Higgs boson (decaying to W W ) in association with jets (e.g. in vector boson fusion). However, it has been shown in [41] (see also [65] ) that basic selection criteria together with mild kinematic cuts on p T (bb), p T ( ) and the invariant mass of the bb and di-lepton systems yield all these other backgrounds to be negligible, while maintaining a high signal efficiency. We therefore can safely disregard them in the present work. 
Initial event pre-selection is performed as follows: we require the presence of two muons 3 with opposite sign and p T ≥ 10 GeV, |η| < 2.4; if more than two muons are present in the event, the two oppositely charged muons with largest transverse momentum are selected. In addition, at least two b-tagged jets with p T > 30 GeV and |η| < 2.5 are required. At least one of the two b-jet candidates has to be b-tagged using the CSV algorithm at the medium working point, while the other jet is only required to satisfy at least the loose b-jet requirement. If more than two b-jets satisfy all selection criteria, the two b-jets candidate with the invariant mass closer to m h 1 = 125 GeV are selected. Finally we require the missing transverse energy to be E / T > 20 GeV. After event pre-selection, we also perform a set of kinematic cuts (pre-MVA selection) summarized in Table 2 , which reject approximately 5% of the signal events (for all signal mass points) and about 40% of tt events. In order to optimize the background and signal discrimination we have tested several MVA algorithms (Likelihood, LikelihoodMIX, KNN, MLP, BDT, and BDTD) available from the TMVA package (version 4.1.2) [66] , choosing the algorithm most performing in terms of background/signal discrimination as a function of m 2 : a BDT for low mass (xSM benchmarks B1 to B7), and a Likelihood method for high mass (xSM benchmarks B8 to B12). The training of the MVA has been done independently for each signal mass point 4 considered in the analysis using the discriminating variables ∆R( ), p T ( ), m( ), ∆R(jj), p T (jj), m(jj), ∆R( , j), ∆R( , jj), ∆R min ( , j), ∆φ( , jj), m T and m T 2 . The variable ∆R min ( , j) is computed by measuring the ∆R between each lepton and each jet and selecting the smaller among these values. Kinematic distributions after pre-selection for the first six variables above are shown in Fig. 3 for the xSM signal samples B3, B6 and B9 together with the tt background. The transverse mass variable m T is defined as
The m T 2 variable [67, 68] provides a transverse mass estimate in systems where more than one neutrino is present, treating the lepton and the b-jet as a single object. Fig. 4 shows the m T and m T 2 distributions (normalized to unity) after the pre-MVA selection. The discriminating power of the m T 2 variable in di-Higgs final states, already appreciated in [28] , is good for all signal samples where the invariant mass of the heavy resonance is greater than twice the top mass.
[GeV] Table 3 shows the expected event yield N event with 300 fb −1 of integrated luminosity for the tt background and each of the xSM signal benchmarks after pre-selection and pre-MVA selection cuts, as well as the final yield of signal (N S ) and background (N B ) events after the MVA selection in each benchmark scenario. After the MVA-based selection is applied, the invariant mass of the heavy Higgs scalar h 2 is reconstructed for the surviving events using the HME probabilistic technique described in Section 3.2. The HME distribution for signal and background is then used for setting upper limits on the signal production cross section.
Systematic Uncertainties
For the systematic uncertainties in evaluating signal acceptance we assume, based on previous publications presented by the CMS collaboration, a conservative systematic uncertainty of about 10% [69] [70] [71] [72] . This systematic includes the uncertainty on the integrated luminosity, the uncertainty on the trigger efficiency, the lepton identification and isolation, the uncertainty on the parton distribution functions (PDFs) and on the factorization and renormalization scales.
The systematic uncertainties associated with the precision in the knowledge of the background shape and normalization can significantly affect the sensitivity of the analysis. Table 3 . Number of signal (N S ) and background (N B ) events expected collecting 300 fb −1 of integrated luminosity after applying different stages of selection and prior to the final fit using the HME mass estimator distribution.
Process In the absence of real data, we illustrate a possible way to estimate these uncertainties, which we believe to be conservative, as the experimentalists are likely to deploy more sophisticated approaches to reduce the impact of systematic uncertainty on the sensitivity and we also anticipate improvements in the quality of the description of the tt background arising from theoretical efforts and Monte Carlo tuning. For the purposes of this study, we define a control region dominated by the background, and use it to compare data and simulation to obtain a scale-factor (SF) for correcting the simulation prediction for the tt contribution. The control region is designed to contain background events with properties and kinematics as in the main signal region. Since the tt kinematics has no strong dependence on the di-jet or di-lepton invariant mass, we define control regions by selecting events with the measured di-jet invariant mass greater than 150 GeV or di-lepton invariant mass greater than 100 GeV (see Fig. 3 ). Using more than one control region allows to cross-check and validate the scale-factors and, if needed, adjust the uncertainty associated with the scale factors. Once the control region is defined we apply the same kinematic selections and perform the MVA training exactly as it is done for the main analysis. We choose the MVA cut that yields the same background rejection as the cut that has been found to yield optimal sensitivity for the same target mass point in the main analysis. For all mass points, the signal contribution remains negligible in the control regions. Finally, the yield of surviving background events is used to derive the uncertainty in the scale factor (in our case, the same events play the role of both the "data" and the "prediction" so the mean value of the scale factor is by definition equal to unity). Following this methodology, we estimate the systematic uncertainty on the knowledge of the background normalization to be 1% for the signal samples B1, B2 and B3; 5% for B4; 10% for B5; 12% for B6, B7, B8, B9, B10; and 15% for B11 and B12. In the final sensitivity estimates, for the three lowest mass points we chose to increase the systematic uncertainty for the background normalization from 1% to 3%. This has been driven by the considerations that the lower mass ranges are the most susceptible to the knowledge of the background normalization (this is because the EHM mass for tt and the lower mass signal samples are the most alike). Furthermore, the kinematic phase space of the control region never fully emulates the phase space of the signal region and so actual data analyses are likely to use several control regions to ensure good control of the background normalization, which is likely to increase the systematic uncertainty.
Prospects for LHC Run 2 and HL-LHC
Once the full set of selections is applied to the signal and background samples, and the systematic uncertainties are defined, we compute the expected limits on the resonant diHiggs production cross section multiplied by the h 2 → h 1 h 1 branching fraction (σ × BR). On the left the limits are obtained performing a cut-and-count experiment on the final number of signal and background events. The limit in this case is entirely driven by the high yield of the tt background events and the discontinuities are due to the non-continuous assigned systematic uncertainty of the scale factors for the background normalization. The confidence intervals for the expected limit are given at 68% and 95% coverage probability. On the right limits are computed by fitting the HME distribution.
For calculations of expected limits, shown in Fig. 5 , we adopt the modified frequentist criterion CLs [73] . The chosen test statistic, used to determine how signal-or backgroundlike the data are, is based on the profile likelihood ratio [74] . Systematic uncertainties are incorporated in the analysis via nuisance parameters and are treated according to the frequentist paradigm. Results presented in this paper are obtained using asymptotic for- The confidence intervals for the expected limit are given at 68% and 95% coverage probability.
mulae [75] . The dashed line represents the cross section times branching fraction expected for each mass point within BM max (note that benchmark models are chosen as models yielding highest cross-section for each mass range individually, which affects the smoothness of the theoretical prediction curve). The continuous black line represents the predicted 95% C.L. upper limit on the cross-section times branching fraction σ h 2 × BR h 2 →h 1 h 1 . In Fig. 5 (left) the limits are shown using a cut-and-count analysis, i.e. applying the whole selection and counting the number of signal and background events expected at the end of the analysis. In this scenario the Heavy Mass Estimator developed in this study has not been used. This simplified method has substantially higher background contamination, with the limit being entirely driven by the background level. The discontinuity in the limit is an artefact of using a non-continuous systematic uncertainties in the scale factors for background normalization (remember that the limits are calculated only for the discrete set of mass points connected by a line to guide reader's eye). In Fig. 5 (right) the upper limits are computed by fitting the HME distribution, in which case the background under the signal peak is substantially lower and the use of the fit procedure reduces dependence on the background normalization scale factors. Limits are computed assuming a search with 300 fb −1 of integrated luminosity, using both electrons and muons in the final state, and presuming an eventual combination of the ATLAS and CMS data. Weakening of the limit at m 2 ∼ 350 GeV is due to the similarity of the HME shapes for the tt background and signal in that mass range. Above m 2 ∼ 600 GeV the limit trend changes. In this region, the number of tt events in the signal region becomes almost constant, as can be seen in the tt HME distribution in Fig. 2 right, and the limit follows the same trend.
In Fig. 6 the limits are shown assuming 3000 fb −1 of integrated luminosity. We obtained such limits by scaling the number of event in signal and background. We did not re-simulate the pileup scenario. The local expected significance of the analysis is computed generating toy-models following the background hypothesis and the same profile likelihood ratio-based CLs technique that has been used for deriving the limits. The local p-value is then converted into significance σ presented in Fig. 7 . Both the limits and the sensitivity correspond to a combination of ee, µµ and eµ channels with signal and background selection efficiencies equal to those for the µµ channel studied in this paper, and an eventual combination of the CMS and ATLAS results. The sensitivity is shown assuming 300 fb −1 (blue curve) and 3000 fb −1 (red curve) of integrated luminosity per experiment. We find that 3000 fb −1 of data could potentially be sufficient for a potential discovery for m 2 700 GeV, possibly with the exception of the region around m 2 = 350 GeV where fluctuations and the lookelsewhere effect may bring the global significance below the conventional 5σ threshold. The confidence interval on the sensitivity central value is given at 68% coverage probability.
[GeV] of integrated luminosity (blue curve) and 3000 fb −1 (red curve). The confidence interval on the sensitivity central value is given at 68% coverage probability.
Finally, we compare the sensitivity of the bbW + W − channel with that of the bbτ + τ − and bbγγ channels. We extrapolate the current, public 13 TeV limits from the CMS search for resonant di-Higgs in bbτ + τ − [76] and bbγγ [77] to 300 fb −1 of integrated luminosity, assuming a naïve √ L (root-squared luminosity) improvement of the present CMS 95% C.L. limit in both final states, and compare with the bbW + W − limits from Fig. 5 (Right) 5 . The results are shown in Fig. 8 , and indicate that while bbγγ provides the best limits for low h 2 masses while bbW + W − may yield better limits than either bbγγ or bbτ + τ − in the high mass region. We nevertheless stress that this comparison of bbτ + τ − , bbγγ and bbW + W − sensitivities is to be regarded as only indicative, since it is expected that future sensitivity in the bbτ + τ − and bbγγ final states improves better than √ L, but a precise estimate of the comparative sensitivity is out of the scope of current work. Still, the comparison suggests that bbW + W − is indeed a competitive search channel for resonant di-Higgs production at the LHC, particularly for high m 2 masses. [77] final states). In all cases the dark (pale) colored bands correspond to the confidence intervals for the expected limit at 68% (95%) coverage probability. 5 We note the results from Fig. 5 (Right) assume an eventual combination of CMS and ATLAS. This means that a ∼ √ 2 sensitivity improvement should be added to the CMS bbτ + τ − and bbγγ limits for a fair comparison. The comparison also assumes SM branching fractions for h1, which is indeed the case for the xSM.
Outlook
Exploring the thermal history of EWSB is an important endeavor for particle physics and one for which high energy pp collisions at the LHC and future colliders can provide invaluable input. Monte Carlo studies imply that for the mass of the observed Higgs boson, EWSB in the SM occurs through a cross over transition. However, the simplest extension of the SM scalar sector -the xSM -may lead to a decidedly different thermal history. In particular, for suitable choices of model parameters, the xSM can generate a strong first order EWPT, thereby fulfilling one of the key conditions for baryogenesis at the electroweak scale. Among the possible signatures of this possibility is resonant di-Higgs production in LHC pp collisions, catalyzed by the interaction of the singlet-like scalar with pairs of the SM-like Higgs bosons. In order to fully probe this possibility, it is important to consider a variety of possible final states associated with the di-Higgs decay products. Here, we have considered the bbW + W − channel, with the W -bosons decaying leptonically. The presence of two neutrinos in the final state makes the reconstruction of the decaying Higgs-like boson (and thus, of the parent singlet-like scalar) challenging. To address this challenge, we have developed a new Heavy Mass Estimator technique that allows one to achieve the needed mass reconstruction of the singlet-like scalar. Employing the HME and a MVA analysis of signal and background, we show that one is able to exclude the first order EWPT parameter space associated with maximum resonant di-Higgs production cross section with 300 fb −1 of integrated luminosity for m 2 < ∼ 700 GeV and a statistically significant observation over roughly the same mass range with 3000 fb −1 . The projected sensitivity in the bbW + W − channel exceeds in the high mass region (m 2 > ∼ 400 GeV) that expected from bbτ + τ − and bbγγ channels based on a naïve extrapolation of the present CMS 13 TeV public results for the latter channels, indicating that bbW + W − is a competitive di-Higgs LHC search channel for high invariant masses.
Finally, putting our results in the context of other, prospective future collider probes, we note that part, but not all, of the EWPT-viable xSM parameter space accessible in the bbW + W − channel at the LHC would be accessible with precision Higgs studies at the International Linear Collider with √ s = 1 TeV and 1 ab −1 integrated luminosity. Full access would require a circular e + e − collider ( √ s = 240 GeV and 1 ab −1 ) [78] . Should the HL-LHC exclude this portion of parameter space, then a comprehensive probe would likely require a future 100 TeV pp collider. 
